ABSTRACT. Changes in high-density lipoprotein (HDL) subclass distribution were evaluated in a group of premature infants during the early postnatal period to ascertain whether enteral feeding brought about a rapid shift from neonatal to adult-like distributions. All infants were fed a combination of breast milk and formula. Cord blood of premature infants had a predominance of large, less dense (HDLlb),e and a paucity of intermediate-sized (HDL3a)gge particles. Lack of a peak in the (HDL3,),,, is a characteristic feature for cord blood, whereas a prominent (HDL,,), peak is characteristic of adult plasma. After the start of enteral feeding, blood was obtained at two timepoints: 6-14 days (sample A) and 17-32 days (sample B) postdelivery. With the onset of feeding, triglyceride increased significantly from an average of 34 mg/dl in cord blood to 120 mg/dl in sample B, and cholesterol increased from 86 to 112 mg/dl in the same period. Increases in plasma lipid concentrations were paralleled by a redistribution of subclasses such that three components of almost equal intensity were evident in sample B; these consisted of (HDLzb),,, (HDLz,,),,, and (HDbb)gge. A paucity of (HDL,,),, particles persisted even after onset of enteral feeding; thus, increases in plasma triglyceride and cholesterol per se are not sufficient to induce the adult-like distribution. It is suggested that development of the normal adult HDL subclass pattern is complex and is probably related to the development and interaction of several factors, including plasma enzymes involved in lipid hydrolysis and esterification, lipid exchange proteins, and hormonal status. (Pediatr Res 23:543-547, 1988 The HDL is the major lipoprotein component in human cord blood. As in adult plasma, cord blood HDL is not a single homogeneous population of particles but consists of several distinct subclasses. Using nondenaturing gge, we have previously shown that HDL subclass distribution based on particle size is different in cord blood as compared with adult HDL (1, 2) . By the definition of Nichols et al. (3) , adult HDL has five identifiable subclasses on gge, (HDL,,, HDL,,, HDL,,, HDL,,, and HDL3,),, and (HDL,,), is the predominant component. Unlike adult HDL, normal cord blood has a paucity of particles in the (HDL3,),, region, and two distinct components within the (HDL,,),, region. This normal cord blood HDL subclass distribution correlates with plasma cholesterol levels < 85 mg/dl and TG levels < 65 mg/dl(2). In addition to the normal (gge) pattern, two other (gge) patterns have been identified in newborn infants and, in both instances, were associated with abnormal plasma lipid levels (2). One pattern, termed the 2b(gge) pattern, is characterized by an increase in particles in the (HDL2b),e subclass and is found most commonly in cord blood with elevated TC and HDL-C. The other pattern, termed the 3b(gge) pattern, is characterized by a decrease of (HDL,,), and (HDL,,),, particles and by a predominance of particles in the (HDL3,Jgge and (HDL,,), subclasses. This pattern is mostly found in cord blood with elevated TG (>65 mg/dl) and low HDL-C. In all three cord blood patterns there is a paucity of material in the (HDL,,), region.
TG, triglyceride VLDL, very low-density lipoproteins
The HDL is the major lipoprotein component in human cord blood. As in adult plasma, cord blood HDL is not a single homogeneous population of particles but consists of several distinct subclasses. Using nondenaturing gge, we have previously shown that HDL subclass distribution based on particle size is different in cord blood as compared with adult HDL (1, 2) . By the definition of Nichols et al. (3) , adult HDL has five identifiable subclasses on gge, (HDL,,, HDL,,, HDL,,, HDL,,, and HDL3,),, and (HDL,,), is the predominant component. Unlike adult HDL, normal cord blood has a paucity of particles in the (HDL3,),, region, and two distinct components within the (HDL,,),, region. This normal cord blood HDL subclass distribution correlates with plasma cholesterol levels < 85 mg/dl and TG levels < 65 mg/dl (2) . In addition to the normal (gge) pattern, two other (gge) patterns have been identified in newborn infants and, in both instances, were associated with abnormal plasma lipid levels (2) . One pattern, termed the 2b(gge) pattern, is characterized by an increase in particles in the (HDL2b),e subclass and is found most commonly in cord blood with elevated TC and HDL-C. The other pattern, termed the 3b(gge) pattern, is characterized by a decrease of (HDL,,), and (HDL,,),, particles and by a predominance of particles in the (HDL3,Jgge and (HDL,,), subclasses. This pattern is mostly found in cord blood with elevated TG (>65 mg/dl) and low HDL-C. In all three cord blood patterns there is a paucity of material in the (HDL,,), region.
The HDL distribution in cord blood reflects mainly lipoprotein synthesis and metabolism by the liver with little or no contribution from intestinal cells. The conspicuous paucity of lipoproteins in the (HDL,,),, region in cord blood as compared to adults may be related to the lack of lipoproteins originating from the intestine. To determine what major changes in HDL subclass distribution are associated with enteral feeding during the early neonatal period, HDL particle size distribution was evaluated in premature newborns receiving enteral feedings.
METHODS

Population samples. Premature infants, born at a high risk
Children's Hospital, Oakland; Alta Bates Hospital, Berkeley; and the University of California, Berkeley, CA. Infants requiring total parenteral nutrition with intravenous fat were excluded from the study. Infants received intravenous glucose solution in the first few days of life. When clinically stable, feedings were started with maternal breast milk when available, and/or Similac Special Care 20 cal/oz or 24 cal/oz (Ross Laboratories, Columbus, OH). No infant was exclusively breast-fed. Characteristics of the 16 infants enrolled in the study are shown in Table 1 .
Cord blood was obtained at delivery from 10 of the 16 patients. Venous blood was obtained while the infants were receiving enteral feedings between 6-14 days postnatally (sample A) and again at 17-32 days (sample B). Six infants were discharged before sample B was obtained. All samples were collected just before feeding into tubes containing EDTA (1 mg/ml) and refrigerated immediately. Inasmuch as prolonged fasting is poorly tolerated in premature infants, no attempt was made to obtain fasting samples. Blood samples were obtained 2 to 3 h after feeding, between 0800 and 1000 h.
Red cells were separated from plasma by centrifugation at 4000 x g for 20 min at 4" C and gentamicin (0.1 mg/ml), EDTA
(1 mg/ml), parahydroxymercurosulfonic acid (2 mM), and sodium azide (0.4 mg/ml) were added to the plasma.
Lipid levels. Plasma TG and TC were determined by enzymatic methods (TG, Gilford Diagnostics, Cleveland, OH; TC, Worthington Diagnostics, Freehold, NJ). HDL-C was isolated by the precipitation technique of Steele et al. (4) . Briefly, heparin and MnC1, were added to 0.5 ml plasma to precipitate LDL and VLDL and incubated for 30 min. After incubation, the samples were centrifuged for 30 min (1 500 x g at 4" C). The supernatant was then analyzed for cholesterol. Cholesterol values determined by the latter method agree well with HDL-C concentrations obtained from ultracentrifugally isolated HDL (1).
Lipoprotein isolation and gradient gel electrophoresis. Lipo- proteins were isolated at density 1.2 1 g/ml in a single ultracentrifugal step in a Beckman 40.3 rotor (100,000 x g for 24 h at 4" C) as described by Lindgren et al. (5) , except that 2-ml tubes were used and volumes adjusted accordingly.
The density < 1.21 g/ml fractions were analyzed by nondenaturing polyacrylamide gradient gel electrophoresis to determine HDL size distribution. Electrophoresis was canied out on precast Pharmacia 4-30% polyacrylamide slab gels (Pharmacia, Piscataway, NJ), according to the procedure of Nichols et al. (3) .
Reference proteins used to determine particle diameter consisted of thyroglobulin, apoferritin, lactate dehydrogenase, and bovine serum albumin. Gels were stained with Coomassie G-250 to identify protein peaks, and densitometric scans were obtained with a Transidyne RFT densitometer (Transidyne Corp., Ann Arbor, MI). Changes in HDL subclass distribution as a function of enteral feeding were determined by measuring the relative optical density by the method previously described (2). The height of each peak and shoulder on densitometric scans was measured and its relative value calculated as a percentage of the total of all heights in the scan. This value constitutes the relative optical density of that particular protein band. If no peak or shoulder was present in a region, the relative optical density was considered to be 0. The terms (HDL3Jae, (HDL3Jse, and (HDL,,),, according to the nomenclature of Nichols et al. (3) , designate the smaller, more dense subclasses found within the ultracentrifugal HDL3 fraction (density 1.125-1.20 g/ml) from adult plasma, whereas the terms (HDL2b)gge and (HDL,,), designate larger, less dense HDL subclasses within the HDL2 (density 1.063-1.125 g/ml) ultracentrifugal fraction. Inasmuch as normal cord blood has two peaks within the (HDL2,),, region (2) Table 2 summarizes the TG, TC, and HDL-C levels at birth and after the onset of enteral feeding. Mean cord blood TC (86 1 27 mg/dl) was elevated as compared to normal term infants (62.5 mg/dl) (2). This is not unexpected since increased plasma cholesterol in premature infants has been previously reported (7) (8) (9) . Cord blood TG levels of the infants in this study are comparable to those reported for normal term infants (2) . After enteral feedings, both the mean TG and TC are significantly elevated at both sampling times compared with cord blood (Table 2) . HDL-C also increases with feeding and is significantly higher in the second feeding period (Table 2) .
Plasma lipid concentrations.
HDL subclass distribution. Herein three distinct cord blood HDL gradient gel patterns were noted and representative scans of the three patterns are seen in Figure 1 A-C. For comparison, scans of normal male and female adult HDL are also included (Fig. ID) . Figure 1A is the pattern that we previously described as the normal (gge) pattern, generally associated with normal term infants, which occurred in three infants. This pattern shows major peaks in the (HDL2b),er (HDL2Jgge, and (HDL3b)gge regions and a paucity of material in the (HDL,,),, region. The (HDL,,), region frequently contains two peaks (HDL2,1),c and (HDL,,,),.
The scan in Figure 1B shows the 2b(gge) pattern where characteristically there is a very pronounced (HDL2,),, peak and a minimum in (HDL,,),; this pattern was seen in five cord blood samples. The 3b(gge) pattern represented in Figure 1 C (two cord blood samples) is characterized by a shift of particles to the smaller, more dense (HDL3b),e region but a scarcity of (HDL3Jse particles is clearly evident. These three patterns have been described in detail elsewhere (2) . In contrast to cord blood, HDL from normal male and female plasma have a predominant peak in the (HDL,,), region (Fig. ID) . Adult HDL subclass distri- 
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bution also shows a marked difference between males and females in that the latter frequently have a pronounced peak in the (HDL,,),, region. Gradient gel scans of HDL from the 16 subjects in this study are summarized in Figure 2 . The most notable feature of cord blood and the postnatal samples is the general lack of a peak in the (HDL3,), region. Cord bloods exhibiting a pronounced (HDL2,Jgge peak tend to have elevated HDL-C levels (46. Representative scans of different types of nondenaturing gradient gel profiles seen in cord blood of premature infants: A, normal gge pattern; B, 2b(gge) pattern, distinguished by a pronounced elevation of the (HDL,,), peak; C, 3b(gge) pattern, characterized by a deficiency of HDL2, particles and a preponderance of (HDL,,), particles; D, adult patterns, (-) male, (----) female. Note that the adult HDL pattern possesses a pronounced peak in the (HDL,,), region; however, cord blood samples do not have a peak in this region. The HDL subclass regions shown on the x-axis are based on the distributions obtained from 194 normal adults as previously reported by this laboratory (6) . The latter study showed that there was little variation in peak positions for HDL subclasses where the SD and coefficients of variation for individual ages of 31 to 36 wk and there appeared to be no association between age and HDL patterns, although our sample size is small. Samples obtained within 2 wk of initiation of the enteral feeding regimen (sample A) show considerable variability in pattern profiles (Figure 2A) . Overall, the patterns tend to approximate those of cord blood rather than adult patterns (compare Fig. ID) . The B samples obtained 17-32 days after birth are more uniform from subject to subject and HDL subclasses are relatively evenly distributed among the (HDL2,),,, (HDL2Jffie, and (HDL,,),, regions in a majority of samples. In postnatal samples, particularly those of the B series, the (HDLZb), region has a distinct peak which, relative to other HDL components, looks somewhat similar to that seen in adult females (compare Fig. ID) . A second pronounced peak is also found in the (HDL?,), region after feeding; in some instances there are two peaks or a shoulder and a peak in this region. When only one peak is seen, it is found close to or on the border of the (HDL,,), region. Only two samples (Fig. 2, 4B and I IB) have a peak that falls within the (HDL,,),, region; however, no sample contains a peak in both the (HDL2a),e and (HDL3JBe regions. In postnatal A and B samples, the (HDL,,), region contains a pronounced peak; the (HDL,,),, region is relatively enriched and in some samples two components termed peak 1 and 2 in Table 3 are noted.
In Figure 2 cord blood samples 5 and 6 are scans of dizygotic twins where the former is a male infant and the latter a female. Both cord blood profiles are clearly 2b(gge) patterns and the responses to enteral feedings are quite similar. No difference is noted between male and female infants in postnatal HDL subclass distribution in response to enteral feeding.
The mean relative optical densities of HDL subclasses in Figure 2 as a function of sample time were analyzed by the unpaired t test (Table 3 
DISCUSSION
Cord blood HDL subclass distribution in general is characterized by the absence of a peak in the (HDL,,), subclass region and clearly this is the case with the premature infants examined herein. The metabolic reason for the apparent lack of a peak in the region, where in adults there is a prominent HDL,, component, is not well understood. Inasmuch as the normal distribution of adult HDL is believed to be linked with TG metabolism (10) (11) (12) (13) (14) (15) and the infant at birth has extremely low plasma TG, the (HDL,,),, deficiency in cord blood might be explained on the basis of decreased availability of TG-rich particles. However, we found that the influx of dietary TG in the early postnatal period of premature infants did not lead to the rapid appearance of a peak in the (HDL,,), region. This suggests that a deficiency of TG-rich particles alone cannot explain the relative paucity of (HDL,,), particles in the infant at birth. It is noteworthy that two of the infants on oral feeding for 17-32 days (B samples) did show the presence of a peak in this'region. More importantly, with enteral feeding there was a disappearance of (HDLZal),, components and a shift of the (HDL2a2),e toward slightly smaller diameter particles in the interface region between (HDL,,,), and (HDL,,),,. This trend suggests that maturation of the HDL subclass distribution is a gradual one.
Development of the normal adult HDL subclass distribution is very complex and several metabolic factors are known to play a role in altering HDL subclass distribution. Two plasma enzymes, LCAT and HTGL are crucial in the metabolism of HDL. LCAT catalyzes the formation of CE from FC and phospholipid, and its preferred substrate is the smallest, densest HDL (16) . Increased content of CE core in HDL as a result of LCAT activity leads to the formation of larger, less dense particles, i.e. HDLzb. CE in HDLzb particles is likely to be exchanged for TG in less dense lipoproteins, such as VLDL and LDL, through the action of plasma CETP (1 7). TG transferred to the HDLZb subclass can be hydrolyzed by HTGL, thus regenerating a smaller, denser particle and decreasing the levels of the large, less dense HDLZb. Profiles seen in postnatal infants during the second sampling period (B sample) consistently showed a pronounced (HDL2b)ffie peak reminiscent of the pattern noted in normal adult premenopausal females. In the adult population, it has been suggested that estrogen reduces HTGL activity with the resultant rise in the HDL,, component (18) ; this could account for the pronounced peak in premenopausal women. Although speculative, hormone levels in the postnatal premature infant may influence HTGL activity and, with it, HDL subclass distribution.
In adults a negative correlation has been found between HTGL and HDL2 levels (19, 20) . Recently, Chang et al. (2 1) have shown that hypertriglyceridemia is associated with a decrease in plasma HDL-C concentrations and a shift in HDL distribution from larger HDL,, particles to smaller HDL,, particles. Two of the present cord blood samples had the (HDL3b),e pattern and, with it, low HDL-C levels. However, in both instances, TG concentrations were normal, suggesting that the relationships between TG and HDL size and HDL-C concentration seen in adult hypertriglyceridemia do not necessarily hold for the neonate. A possible mechanism for the formation of smaller HDL in the face of normal TG concentrations is that HTGL in these infants may be functioning very efficiently. Inasmuch as HTGL hydrolyzes phospholipids in addition to TG, this enzyme in some instances may play a crucial role in determining the predominance of small, dense HDL such as HDL3,. Rovamo et al. (22) have shown that plasmas of neonates possess both lipoprotein lipase and HTGL where the latter accounts for approximately 77% of the total lipolytic activity. Inasmuch as the enzyme LCAT is functionally important in determining HDL composition and hence its distribution, low LCAT activity during the early postnatal period might be a contributing factor in the persistence of the unusual HDL subclass distribution noted in our study. LCAT activity in the newborn is approximately 50% that of adults (23, 24) . In the normal term infants, TC is also low; therefore, one might expect normal CE/FC ratios, and this is indeed the case (24) . However, it has recently been demonstrated that there is a positive correlation between fetal age and LCAT activity (24) . On the basis of the CE/FC ratio Jain (24) found that infants with gestational ages less than 32 wk had significantly lower LCAT activity (CE/ FC ratio 0.49-1.5 1) than older premature infants (CE/FC ratio of 1.83-1.96 for 32-to 41-wk-old infants whereas the adult ratio was 2.1) (24) . Herein nine of the 16 infants were 32 wk or less in gestational age; therefore, one cannot discount the possibility that low LCAT activity during the early postnatal period may-be a contributing factor to the persistence of a valley in the (HDL,,), region.
apo A1 associated with HDL is a cofactor required for activation of LCAT. The concentration of this protein in cord blood is approximately one-half to two-thirds that of adults (25) (26) (27) (28) . In adult plasma, the (HDL,,),, region is characterized by the presence of a large proportion of particles containing apo A1 without apo A11 (29) . Because it is possible that the unusual distribution of HDL subclasses in our premature infants on enteral nutrition is related to low levels of plasma apo AI, preliminary studies quantitating apo A1 were camed out on five infants. Apo A1 concentrations were determined by single radial immunodiffusion kits (Tago Inc., Burlingame, CA) and were found to be within normal adult values during the second feeding period (63 5 19 mg/dl at birth to 148 + 2 1 mg/dl at sample B). The latter is consistent with reported plasma apo A1 values for normal infants 30 days after birth (30) . It is unlikely that the paucity of (HDL,,),, particles is attributable to low concentrations of apo AI.
In summary, the development of adult-like plasma HDL subclass distribution in human neonates is very complex. Our studies indicate that low plasma TG concentrations per se are not directly responsible for the paucity of (HDL,,), particles because, with feeding, TG concentrations are augmented. It is probable that several undefined factors including plasma LCAT, lipoprotein lipase, and hepatic TG lipase levels, lipid exchange protein concentrations, and hormonal status play important roles in the maturation of HDL subclasses. Future studies are clearly required to understand the contribution of each of these factors, alone or in concert, to development of the mature HDL pattern.
